The element mercury is a toxic heavy metal that occurs naturally in several forms, including elemental (Hg 0 ), ionized (inorganic salts Hg 2ϩ and Hg ϩ ), organic (typically alkylated), or sulfidic (cinnabar). Mercury use is widespread, particularly in the production of gold, vaccines, antimicrobials, amalgams, and electronics. Mercuric chloride (HgCl 2 ) is most often used in experimental studies because it is soluble and poisonous. Mercury is a redox-active transition metal in both biotic and abiotic environments. In vivo, mercury plays a critical role in modulating cellular redox status by depleting antioxidant pools (16) . Both ionic and organic mercury form covalent bonds with sulfur atoms in cysteine residues of target proteins.
Bacteria respond to mercury exposure using several strategies. While mechanisms involving tolerance occur (33, 34, 58) , enzymatic reduction of mercuric ion to elemental mercurycatalyzed by-products of the mer operon is the only resistance mechanism that has been described (reviewed in references 4, 30, 31, and 50). The mer operon (merTPCAD) encodes a group of proteins involved in the detection, transport, and reduction of mercury. The NADPH-dependent enzyme, mercuric reductase (MerA), transfers two electrons to mercuric ion, Hg 2ϩ , reducing it to elemental mercury Hg 0 . Elemental mercury is volatile and is released from the cell. Mercuric ion is scavenged from the environment through the action of the periplasmic protein, MerP, which binds Hg 2ϩ and transfers it to the membrane protein MerT. MerT transports mercuric ion into the cytoplasm. Additional mer genes occur, notably merB, an organomercurial lyase. Inclusion of merB in the mer operon results in a so-called broad-spectrum mercury resistance. Expression of the mer operon by the activity of its major promoter, P T , is controlled by MerR, a dual-function transcriptional regulatory protein that remains bound to P T at an inverted repeat sequence called merO (51) . In the absence of mercury, MerR binds and bends the DNA and then attracts RNA polymerase to the operator and holds it there in an inactive state and represses transcription (2, 3) . In the presence of mercury, the MerR homodimer undergoes a conformational change that underwinds the DNA, creating optimal P T topology by rotating the Ϫ10 region 30°closer to the helix face of the Ϫ35 region, thereby facilitating access to it by prebound RNA polymerase, which subsequently activates mer operon transcription. MerO is located in the intergenic region between the divergently transcribed merR gene and the mer operon, where it simultaneously exerts control over both transcription units. MerR consists of an N-terminal helix-turn-helix domain coupled to a C-terminal mercuric ion binding domain containing three active cysteines. MerR constitutes a distinct class of transcriptional regulatory factors as yet not reported in either archaea or eukaryotes (11) .
Archaea and bacteria are both prokaryotes (56, 57) . Archaea however, use simplified versions of several eukaryotic-like subcellular processes, including transcription (5, 8) . The regulation of gene expression is an active area of research in archaea because of this evolutionary overlap and the attraction of a less complex experimental system. Examples of this overlap include homologous promoter structure (21, 41) , orthologs of TATA binding protein (29, 37, 48) , TFIIB (referred to as TFB in archaea [18, 38, 39] ), TFIIE␣ (TFE␣ [6, 22] ), TFIIS (TFS [25] ), and the 12-subunit RNA polymerase II (28) . They appear, however, to lack homologs of TFIIA, TFIIF, and TFIIH. In the crenarchaeal subdivision of the archaea, RNA polymerase is recruited by TATA binding protein and TFB to an octameric TATA box (YTTTTAAA [40] ) and 5Ј-flanking TFB recognition element (BRE) hexamer having a consensus sequence of RNWAAW (where R is a purine, N is any base, and W is A or T [8] ). The midpoint of the TATA box is located 26 nucleotides from the start point of transcription (41) . Conservation of a eukaryotic-type transcription apparatus has notable consequences for the mechanism of regulation of gene expression in archaeal prokaryotes. Consequently, gene regulatory studies in these organisms are expanding and include efforts on negative (7, 12, 13, 54) and positive (32, 36) transcriptional mechanisms of control.
Sulfolobus solfataricus is a hyperthermophile and a member of the crenarchaeal subdivision of the archaea. This organism is found in acidic geothermal pools, while in the laboratory it grows chemoheterotrophically on reduced carbon compounds at an optimal temperature of 80°C (14, 19, 23, 24) . Hot springs are typically rich in heavy metals, but little is known about the interaction between these elements and resident archaea. To investigate this relationship, S. solfataricus was used because it grows aerobically in defined media, has a sequenced genome (49) , and offers powerful experimental genetic techniques (27, 59) .
MATERIALS AND METHODS
Archaeal strains, cultivation, and construction. Archaeal strains, plasmids, and primers used in this work are indicated in Table 1 . S. solfataricus strain 98/2 and mutant derivatives were grown at 80°C in batch culture as described previously (9, 60) . A defined minimal medium consisted of the basal salts of Allen (1) as modified by Brock (10) , supplemented either with 0.2% (wt/vol) sucrose (SM) or lactose (LM) as the sole carbon and energy source. Recovery of transformed cells employed a rich medium (RM) supplemented with 0.2% (wt/vol) tryptone. Growth was monitored at a wavelength of 540 nm using a Cary 50 Bio, UVvisible spectrophotometer (Varian). A solid medium was prepared using 0.6% (wt/vol) gelrite gellan gum (Kelco) and 8.0 mM magnesium chloride. Mercurycontaining plates were formed by mixing mercuric chloride dissolved in doubledistilled water with liquid plate medium just prior to pouring. Plates were incubated at 80°C in plastic containers with sufficient hydration to prevent desiccation.
A Jerome 431X mercury vapor analyzer (Arizona Instrument) was used to measure volatilization of elemental mercury (Hg 0 ). Cultures were grown in minimal medium to a cell density of 10 8 /ml in glass screw-cap Erlenmeyer flasks (250 ml) fitted with neoprene O-rings, and mercuric chloride was added to the cultures to a final concentration of 0.3 M. Cultures were then incubated for 4 h at 80°C and cooled for 1 h at room temperature. After cooling, flask lids were removed and mercury content was measured in units with the Jerome analyzer intake tube centered at a distance of 12 to 13 mm above the flask opening. The intake was 750 ml/min (12.5 ml/s), and the duration of the reading was 13 s for a total volume of 163 ml of air per reading. Ambient air was sampled to ensure a zero baseline reading. Detergent-treated cell extracts were prepared by addition of N-laurylsarcosine at 2.5% (wt/vol) prior to inoculation.
Strain PBL2002 (lacS::IS1217) was used to create the merA disruption mutant and is a spontaneous derivative of wild-type S. solfataricus (PBL2000) with an 
insertion of IS1217 at position 1242 in lacS (59) . Strain PBL2025 was used to create the merR disruption mutant and is deleted for lacS and flanking genes. PBL2025 was selected from a collection of spontaneous lacS mutants (24) because it harbors a 58-kb deletion spanning open reading frames SSO3004 to SSO3050 as annotated by She and coworkers (49) . Both strains are unable to utilize ␤-linked disaccharides as a sole carbon and energy source, and reintroduction of lacS integrated at other chromosomal loci is necessary and sufficient to restore this ability. Transformation procedures were as described previously, using electroporation to mobilize DNA into target cells (59) . Following electroporation, cells were subcultured into RM for 8 h to allow recovery and then subcultured again into LM to enrich for chromosomal recombinants. Following appearance of turbidity, dilutions of the cultures were prepared and spread on RM plates to allow colony formation. Chromosomal recombinants resulting from insertion of the lacS gene were detected by spraying plates with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside solution to identify Lac ϩ colonies. These isolates were then subcultured into RM medium and analyzed in greater detail. Disruption of merA was conducted as described previously for other genes (59) , while construction of the merR mutant employed an alternative strategy with a new strain to increase the incidence of recombination at the targeted locus.
Primers used for PCR of merA were forward primer MerA2-F and reverse primer MerA2-R. MerA2-F starts 325 bp upstream relative to the merA start codon, and MerA2-R starts 1,362 bp downstream relative to the merA start codon, beginning with the merA stop codon. MerA2-F encodes an added EcoRI site, and MerA2-R encodes an added XbaI site. PCR primers for lacS were forward primer LacS-MfeI-F and reverse primer LacS-MfeI-R, and both encode added MfeI sites. LacS-MfeI-F starts 170 bp 5Ј to the lacS start codon, while LacS-MfeI-R starts 165 bp 3Ј to the lacS stop codon. Plasmid pMerA1 was constructed by insertion of an EcoRI-XbaI-digested PCR merA amplicon produced with primers MerA2-F and MerA2-R and cloned into the EcoRI-XbaI sites of pUC19. Plasmid pMerASI was constructed by insertion of an MfeIdigested PCR lacS amplicon into the MfeI site of pMerA1 in the reverse orientation relative to merA. PCR and restriction analysis were used to verify the identity of the merA recombinant strain. Amplification of the wild-type undisrupted merA locus using primers MerA2-F and MerA2-R produced a single fragment of 1.69 kb and two fragments of 1.26 and 0.43 kb after digestion with MfeI. Amplification of the disrupted merA locus in strain PBL2020 produced a single fragment of 3.62 kb and three fragments following digestion representing the 5Ј and 3Ј ends of merA and the 1.93-kb lacS insert.
The MfeI site located in merR of pMerRS1 was created by overlap extension PCR (26) with primers MerR-OL-MfeI-F and MerR-OL-MfeI-R. The 5Ј end of MerR-OL-MfeI-F begins 4 bp upstream of the merR start codon and is complementary to MerR-OL-MfeI-R. PCR of the modified merR allele, wild-type allele, and lacS-disrupted merR allele for verification of recombinant identity employed primers MerR-L-BamHI-F and MerR-L-BamHI-R. The 5Ј start of MerR-LBamHI-F is located 547 bp upstream of the merR start codon. The 3Ј end of MerR-L-BamHI-R is located 893 bp downstream of the merR start codon. PCR and restriction analysis were used to verify the identity of the merR recombinant strain. Amplification of wild-type merR and flanking regions using primers MerR-L-BamHI-F and MerR-L-BamHI-R produced a single band of 1.44 kb that was cut into two bands by digestion with MfeI. Amplification of the disrupted merR locus in strain PBL2026 produced a single band of 3.37 kb, approximately 1.9 kb larger than that observed with the undisrupted locus due to the presence of the inserted copy of lacS. This fragment was cut by MfeI into three fragments of 0.57, 0.85, and 1.93 kb that represented the 5Ј and 3Ј ends of merR and the lacS insert, respectively. Molecular biology methods. DNA cloning, PCR, and plasmid transformation of Escherichia coli were performed as described elsewhere (24, 43) . DNA sequencing was as described previously (45) . DNA and RNA concentrations were measured using either a DyNA Quant 200 fluorometer (Hoefer) or a UV-visible Genesys 2 spectrophotometer (Spectronics). All manipulations of RNA were as described previously (9, 23) . Protein concentrations were measured using a bicinchoninic acid protein assay reagent kit (Pierce). Unless otherwise indicated, all chemicals were obtained from common chemical suppliers.
Northern blot analysis. RNA extraction and Northern hybridization using antisense riboprobes were performed as described previously (9, 23) . RNAs were detected by autoradiography on X-Omat AR film (Kodak). Digital images were acquired using a GDS7800 gel documentation system (UVP). Scanning densitometry of the images was performed using GelBase-Pro software (UVP). The 7S RNA probe was prepared as described elsewhere (9) . The merA probe was prepared by PCR amplification using chromosomal DNA and primers MerA-F and MerA-R, which were complementary to positions 133 to 161 and 773 to 801, respectively, in the merA coding region. The 640-bp fragment was cloned at the XbaI and SphI sites of pT7T3/18U (Pharmacia). In riboprobe synthesis merA was linearized using SmaI, and T3 RNA polymerase was used for transcription to produce a 32 P-labeled antisense RNA. Primer extension analysis. The merA transcript was subjected to primer extension using primer MerAp, which is complementary to positions 47 to 70 downstream from the merA start codon. The primer extension oligonucleotide was labeled at the 5Ј end with [␥-32 P]ATP using T4 kinase (NEB) as described previously (9, 53) . The labeling reaction was terminated by EDTA addition followed by heating at 65°C. The labeled primer was purified using a Sep-pak cartridge (Waters), dried, and resuspended in 10 l of 10 mM Tris-Cl (pH 8.0), 1 mM EDTA. A typical reaction yielded 10 l of 10 6 -cpm/l labeled oligo, and 1 l of this oligo was used for each reverse transcription reaction. Reverse transcription was as described elsewhere (9, 53) with modifications. Samples of total RNA (20 g) were hybridized with the labeled primer in 150 mM MgCl 2 , 10 mM Tris-Cl (pH 8.3), and 1 mM EDTA, heated at 65°C for 90 min, and cooled to allow primer annealing. The mixture was adjusted to 20 mM Tris-Cl (pH 8.3), 10 mM MgCl 2 , 0.5 mM dithiothreitol, 0.15 mg of actinomycin D/ml, and 0.15 mM deoxynucleoside triphosphates, and 5 U of avian myeloblastosis virus reverse transcriptase (Pharmacia) was added. The reaction was incubated for 1 h at 42°C and terminated by addition of 17.5 ng of salmon sperm DNA/ml, 14 ng of RNase A/ml followed by incubation for 15 min at 37°C. The reaction was extracted with phenol-chloroform (1:1), and primer-extended DNA was recovered by ethanol precipitation, dried, and resuspended in the stop solution of the T7 Sequenase version 2.0 DNA sequencing kit (Amersham). The primer-extension primer also was used to generate the sequencing ladder for mapping the start site of transcription of merAp. The template used to generate the DNA sequencing ladder for merAp primer extension mapping was plasmid pMerA10. DNA sequencing reaction products were separated on preequilibrated 8% (wt/vol) denaturing polyacrylamide sequencing gels as described previously (45) .
Bioinformatic analysis. Sequences used for phylogenetic analysis were derived by BLAST queries against the NCBI database using S. solfataricus P2 open reading frames SSO2689 and SSO2688. CLUSTAL W (52) was used to create multiple sequence alignments. PHYLIP version 3.57c (20) and the distance method of analysis were used for phylogenetic studies. SEQBOOT was used to generate 100 bootstrapped data sets, distance matrices were determined using PROTDIST and the Dayhoff PAM matrix option, unrooted trees were inferred by neighbor-joining analysis using NEIGHBOR, CONSENSE was used to identify the most likely tree, and FITCH was used to create branch lengths proportional to distance values. Nearly full-length sequences were used for both the MerA phylogenetic tree (433 residues) and MerR phylogenetic tree (104 residues). BOXSHADE version 3.21 was used to create boxshade diagrams. Sequences employed for the MerA tree were the following: Acinetobacter calcoaceticus (Q52109), Pseudomonas aeruginosa Tn501 (RDPSHA); Shigella flexneri R100 (P08332), Thiobacillus ferrooxidans (P17239), Shewanella putrefaciens (Q54465), Bacillus sp. strain RC 067 (P16171), Clostridium butyricum (T44505), Staphylococcus aureus pI258 (P08663), S. solfataricus P2 (NP_344015), Thermoplasma acidophylum (CAC12462), Thermoplasma volcanium (NP_110770), Aeropyrum pernix (B72625), Halobacterium sp. strain NRC-1 (AAG18773), and mouse transcription factor SOX 10 (Q04888). Sequences employed for the MerR tree were E. coli Tn21 (AAC33922), Pseudomonas fluorescens Tn501 (P06688), E. coli pDU1358 (A33858), S. aureus p1258 (P22874), T. ferrooxidans (P22896), Archaeoglobus fulgidus (AAB90568), S. solfataricus P2 (AAK42804), Streptomyces lividans (P30346), and Halobacterium salinarum (AAG18773).
RESULTS
Adaptive response to mercury challenge. The minimal growth-inhibitory concentration of mercuric chloride for S. solfataricus that was effective in a defined liquid medium (SM) was determined in batch culture (Fig. 1) . Growth was unaffected following addition of the metal at a final concentration of 0.3 M, but at 0.5 M a transient growth lag was apparent that was followed by resumption of a normal growth rate. Addition of a yet-higher metal concentration (1.5 M) terminated growth, and recovery was apparent only after prolonged incubation. The rate of response to addition of an inhibitory metal concentration was quite rapid and evident within minutes. In a complex liquid medium (RM), the MIC was 2.5 M and higher than that in the defined medium, due to thiol titration by complex medium components. While these data indicate the organism could overcome growth-inhibitory levels of this heavy metal, they do not assess the existence of an adaptive response. To test whether S. solfataricus exhibits an adaptive response to mercuric chloride, cultures were pretreated by addition of a concentration of this metal that was transiently growth inhibitory (0.5 M) and then challenged using a dose (1.5 M) that blocked growth of untreated cells and could only be overcome with prolonged incubation (Fig. 1) . The growth of mercury-adapted cells was insensitive to addition of the higher challenge dose, since no growth lag was apparent. This indicates that S. solfataricus harbors an adaptive mechanism to detoxify mercuric chloride.
Protein phylogeny of MerA and MerR. Several mer genes have been annotated in the S. solfataricus strain P2 genome, including a putative mercuric reductase (merA; SSO2689) and a mercury transcriptional regulatory protein (merR; SSO2688 [49] ). The merR and merA genes are arranged in opposite directions, and their open reading frames are separated by a 300-nucleotide (nt) sequence (Fig. 2) . Immediately downstream of merA is an open reading frame designated SSO2690 of unknown function separated from merA by 141 nt. BLAST analysis indicated that the S. solfataricus MerA protein exhibited significant homology to biochemically validated bacterial MerA proteins. The best match was to the S. aureus protein, with 40% amino acid identity over the length of the protein.
Since MerA orthologs have been annotated in other archaeal genomes, a protein phylogenetic analysis of these and selected bacterial sequences was conducted to ascertain the relationship between these proteins (Fig. 3A) . A consensus neighborjoining distance tree with robust topology indicated the existence of two distinct clades. One clade comprised the bacterial MerA proteins, while the other contained crenarchaeal MerA sequences. The halobacterial NRC1 protein fell outside the crenarchaeal clade despite the use of an unrelated sequence as an outgroup. Unlike merA homologs, merR homologs are only rarely evident in archaeal genomes. To assess the significance of the putative MerR protein in S. solfataricus, a similar protein phylogenetic procedure was employed (Fig. 3B) . In this case, a small clade containing Sulfolobus and Streptomyces lividans MerR representatives was evident and distinct from all other bacterial MerR sequences.
A multiple sequence alignment comparing MerA proteins from Bacillus sp. strain RC601, Tn501, Tn21, and S. solfataricus is also shown (Fig. 4A) . The catalytically active cysteines (C135, C140, C558, and C559 [15] ) and one of two tyrosines (Y264 [42] ) are present. In addition, the S. solfataricus protein lacks the N-terminal extension commonly found in bacterial MerA proteins and present in the bacterial sequences used in this alignment (4) . A multiple sequence alignment of MerR proteins from Tn501, Tn21, S. lividans, and S. solfataricus is also shown (Fig. 4B) . The S. solfataricus MerR homolog exhibits several key differences from most of its bacterial counterparts. While it has a conserved N-terminal DNA binding motif, the sequence of this domain is divergent and it lacks a critical glutamic acid residue (E22) required for DNA binding of the MerR protein from transposon Tn501 (46). The S. solfataricus MerR homolog is one-third shorter in length than most of its bacterial counterparts and contains only two of the three catalytically active cysteines (C82 and C128) found in Tn501 and Tn21 MerR proteins (4). The third active cysteine (C119) is missing. Transcriptional regulation of merA expression by mercury. Northern blot analysis of merA was conducted to test if expression of this gene was influenced by mercuric chloride challenge (Fig. 5) . Batch cultures grown in a defined minimal SM were treated with 0.3 M mercuric chloride, and samples were removed for analysis at times thereafter. The signal recognition particle 7S RNA was used to standardize mRNA band intensity as described previously (9) . Blots were probed simultaneously with antisense merA and 7S RNA riboprobes. Levels of merA mRNA were undetectable before mercuric chloride addition and for a short period immediately following addition. After 4 h, however, several abundant transcripts became evident. The smaller of the two transcripts (approximately 1.5 kb) was of sufficient size to encode merA, while the larger transcript (approximately 2.0 kb) was sufficient in size to encode both merA and the adjacent gene, SSO2690. After 9 h of exposure these mRNAs were no longer detected. Several smaller RNAs representing possible mRNA degradation products were also evident. Analysis of transcript induction using samples from earlier times and with longer autoradiographic exposure indicated merA transcripts could be detected within 1 h of mercuric chloride addition. Fully induced merA mRNA levels normalized to 7S RNA levels in the same samples and expressed as a percentage of that amount averaged 119.9% Ϯ 84.9% (mean Ϯ standard deviation). Transcript abundances for other highly expressed S. solfataricus genes expressed in an identical manner were as follows: lacS, 45.2% Ϯ 14.4%; tfb-1, 67.2% Ϯ 16.6%; malA, 47.8% Ϯ 24.3%; sod, 88.3% Ϯ 40.0%; glnA-1, 45.0% Ϯ 12.1%; and dhg-1, 88.4% Ϯ 14.9% (9) . In all cases the number of samples examined was at least three, and the variation between triplicate measurements is indicated. This comparison indicates merA transcript abundance was within the range of these other mRNAs and, therefore, that merAp is a reasonably strong promoter.
Primer extension analysis of merAp. To investigate the basis for merA regulation by mercuric chloride challenge, primer extension analysis was conducted to help identify the merA promoter (merAp). RNA was extracted from cells 4 h after treatment with 0.3 M mercuric chloride to ensure the presence of merA transcript. The start point occurred at an A residue 7 nt upstream of the start codon (GTG) of merA (Fig.  6A ). There is no TATA box or BRE sequence apparent at the expected position 26 nt from the transcription start site (Fig.  6B) ; however, a putative TATA box and BRE are evident 5 nt upstream of this location. The midpoint of this putative TATA box (ATTTAAGG) is located 33 nt 5Ј to the start point of transcription and is flanked on the 5Ј side by a putative BRE sequence (GGCAAG) (Fig. 6C) .
Construction and analysis of the merA disruption mutant. The role of merA in the adaptive resistance response to mercuric chloride challenge was investigated by creating a mutant strain encoding a loss-of-function mutation in this gene. The merA disruption mutant was created by targeted recombination, placing a copy of the ␤-glycosidase gene (lacS) in the middle of the target gene in the chromosome (Fig. 7A ) using a previously developed procedure (59) . The lacS gene, including its promoter, and 169 and 157 bp of 5Ј and 3Ј flanking DNA sequence, respectively, were inserted into a unique MfeI site in merA located 932 bp downstream from the merA start codon in a reverse orientation relative to merA.
To assess the physiological consequence of merA disruption, the response of the merA mutant strain to mercuric chloride challenge was compared to that of the otherwise isogenic wildtype strain (Fig. 8) . Both strains were grown in a liquid sucrose minimal medium. At a cell density of 10 8 cells/ml, 0.3 M mercuric chloride was added to each culture. Cultures of both strains with no added mercury were included as controls (Fig.  8A) . Growth of the wild-type strain was unaffected by mercury addition, while the mutant strain exhibited a reduced rate of growth for nearly 12 h followed by a resumption of the previous growth rate. In response to a higher concentration of mercuric chloride (0.5 M), the wild-type strain exhibited a lag followed by a reduced rate of growth, while the merA disruption mutant discontinued growth altogether (Fig. 8B) . The efficiency of plating (EOP) of both strains was examined on RM plates over a range of concentrations of added mercuric chloride. The EOP of the mutant relative to that of the wildtype strain was most impaired at 0.15 M mercuric chloride, reaching only 0.34% of the wild-type value (Fig. 8C) . At concentrations below and above this amount the differential between the strains was less pronounced, but in all cases the disruption mutant exhibited greater sensitivity than the wildtype strain.
Production of elemental mercury was assessed as an additional indication of the role of the merA gene in mercury resistance. Mercuric reductase catalyzes the reduction of mercuric ion to elemental mercury. Since elemental mercury is volatile, it can accumulate in the headspace of a culture flask. Detection of this form of the metal was accomplished using a Jerome meter, which measures conductivity changes produced by the interaction of mercury with a gold film sensor. Cultures of both strains were cultivated in a liquid SM, and 0.3 M mercuric chloride was added. After 4 h of additional incubation, the flasks were allowed to cool and the concentration of volatile mercury trapped in the headspace was measured. Levels of mercury (in nanograms) were as follows: wild type, 62.8 Ϯ 11.9; merA mutant, 11.8 Ϯ 3.8; no inoculum, 41 Ϯ 1.9; detergent-treated wild type, Ͻ0.4. The wild-type strain produced sixfold more elemental mercury than the mutant. A control sample consisting of the minimal medium with mercuric chloride but without added cells also produced detectable mercury, though at considerably lower levels. Since the head- space of the mutant culture also contained detectable mercury, an effort was made to identify its source. Continued release of low levels of mercury from the mutant strain together with its ability to withstand exposure to lower challenge doses (Fig. 8C ) suggested additional pathways for mercury reduction that could be present in this strain. To test this possibility, the ability of the mutant strain to undergo an adaptive response to mercuric chloride challenge was examined as described above for the wild-type strain (Fig. 1) ; however, no adaptation was observed. Since cell extracts prepared by detergent solubilization of the cell envelope incubated in the same medium with added mercuric chloride produced no measurable mercury, it seems plausible that reduced intracellular thiol compounds were responsible for residual mercury reduction in the mutant strain. Construction and analysis of the merR disruption mutant. Disruption of the merR gene used a strategy similar to that employed for merA disruption, but the alternative strain, PBL2025, replaced the use of PBL2002. PBL2025 harbors a large chromosomal deletion spanning lacS and flanking regions and increases the frequency of recovery of recombinants at the target locus by avoiding those occurring at the lacS locus. The deletion in this strain was spontaneous and was recovered using a screen for isolates that had lost lacS (22) . PCR was used to determine the extent of the deleted region. Open reading frames that could be amplified from this strain included SSO3000, -3002, -3003, -3051, and -3052, while those that could not be amplified included SSO3004, -3006, -3017, -3019, -3032, -3036, -3048, -3049, and -3050. DNA sequence analysis indicated the presence of an IS1173 inserted in SSO3052 at the 3Ј end. These results showed that the deleted region extends from SSO3004 through SSO3050. The suicide plasmid pMerS1 was transformed into PBL2025 by electroporation, and chromosomal recombinants were recovered by selection for lactose utilization as described previously (59) . Since lacS was deleted, recombinants could only arise by homologous recombination between the chromosomal and plasmid-encoded copies of merR. The lacS gene was inserted in a reverse orientation relative to merR at an artificial MfeI site that converted a G into a C at nt 19 relative to the merR start codon (Fig. 7B) .
The merR disruption mutant exhibited increased resistance to mercuric chloride (Fig. 9) . The adaptive resistance response of wild-type cells enabled them to grow without a lag when challenged with doses of mercuric chloride that were otherwise growth inhibitory. The merR disruption mutant was insensitive to addition of 0.75 M mercuric chloride, while this same dose blocked growth of the wild-type strain. Since mercuric reductase appears necessary for mercuric chloride resistance in wildtype cells, the resistance of the previously unconditioned merR disruption mutant suggested merA expression might be constitutive. Northern analysis of merA levels in the merR mutant and its parental strain were examined to determine the correlation between transcript abundance and mercury resistance (Fig. 10) . Mercuric chloride (0.3 M) was added to both cultures, and RNA samples were removed at the indicated times. Unlike the inducible pattern of merA expression observed in the wild-type strain, in the merR disruption mutant the merA transcript was produced constitutively, and this expression was independent of mercury challenge. The ratio of the levels of merA transcript relative to those of the 7S RNA control in the merR disruption strain were similar to those observed for the wild-type strain at peak levels of merA expression. These results indicated that merR is necessary for the inducible pattern of merA expression evident in wild-type cells. They also indicate that MerR must be absent for constitutive expression of merA.
DISCUSSION
These studies investigated the relevance of MerA and MerR homologs to the sensitivity of the archaeon S. solfataricus to challenge by the heavy metal mercury. To explain the observed results, the following model is proposed. MerR regulates merA transcription, acting in a negative fashion on merAp activity. Mercuric ion relieves this effect by interacting with MerR. If MerR binds merAp, then mercuric ion interaction may stimulate MerR release. However, merAp structure appears insufficient to explain the merA expression pattern observed in the merR disruption mutant strain, because merAp is unlikely to constitute a strong promoter. Though the merAp promoter has a putative TATA box and a consensus BRE, the presence of a G at the 3Ј end of another archaeal TATA hexamer reduced promoter strength by 75% (21) . In addition, merAp exhibits nonstandard spacing between the TATA box and the start point of transcription. The consensus for this distance in archaeal promoters is 26 nt measured from the midpoint of the octameric TATA box to the start point of transcription (21, 40, 41) . In merAp, this distance is 33 nt and would thus rotate the TATA box around the DNA helix relative to the start point of transcription. Consequently, constitutive expression of merAp should require the action of some additional factor to overcome this topological constraint on promoter recognition by general transcription factors and RNA polymerase.
The pattern of merA expression observed in the merR dis- repression be reinstated to prevent new synthesis and that merA transcript be actively degraded. The stability of mRNAs in this organism has been examined (9) . In all cases the rate of turnover was low, indicating that mRNA degradation proceeded at a slow rate, and in the case of merA transcript a half-life of less than an hour seemed necessary. The level of mercuric chloride resistance observed in S. solfataricus containing a functional mercuric reductase is surprisingly low relative to that observed in bacteria. Mercuryresistant bacteria exhibit tolerance to mercuric chloride concentrations 20-to 40-fold greater (17, 55) than that reported here for S. solfataricus. Though the archaeal merA is chromosomally encoded and bacterial mer operons are typically plasmid encoded, R factors are low copy, and merA gene dosage appears unrelated to the level of mercury resistance (35) . Consequently, the difference observed between this archaeon and bacteria could be explained by proposing that S. solfataricus MerA is a relatively inefficient enzyme, or that there is some other fundamental difference between bacteria and archaea controlling the biological activity of this heavy metal. Homologs of MerA are evident in many archaeal genomes. Proof of the importance of this gene in S. solfataricus indicates that other archaeal homologs may indeed play functional roles. Since merR homologs rarely accompany these merA sequences, it will be of interest to understand how these merA homologs are regulated and what factors might control their expression.
Construction of the merR disruption mutant employed a new strategy involving the use of a host strain with the disrupting marker gene, lacS, deleted. This approach simplified recovery of recombinant isolates by preventing occurrence of those resulting from recombination at the chromosomal copy of lacS as observed previously (59) . The present system should be suitable to allow identification of cis-acting sequences required for merR function as well as to address questions concerning merAp promoter activity. Further advances in genetic strategies for the manipulation of this organism will facilitate studies on mechanisms involving gene regulation of the archaeal transcription apparatus and provide a complement to biochemical approaches.
